The Little Ice Age is the most noted climatological event in recent history with dramatic consequences for a large part of the western European coastal landscape. A major morphological feature associated with this event is the presence of large-scale transgressive dune fields that actively advanced inland, encroaching, in some cases, human settlements and directly affecting coastal communities. Several hypotheses exist to explain the formation of such features, which purport increased storminess, sea-level changes, or human activities as the major drivers of the relatively well-documented enhanced aeolian activity during this event. However, these hypotheses do not explain entirely the whole process by which dunes are set into movement. Here, we show the temporal and spatial distribution of this event in terms of impact over the coast, focusing on the mobilization of coastal dunes and then elaborate a new conceptual model that explains the onset and evolution pathways of coastal dunes after the impact of the Little Ice Age. Our model proposes the combined effect of storms and other parameters to explain the initiation phases of the process, when sand becomes available and blown by the very strong winds associated with documented higher frequency and intensity of storms occurring during this period.
Introduction
Globally, most sandy coastal systems form in close association with sea-level highstands and are signatory landform features shaped by the influence of tides, local meteorological-oceanic conditions, and sources and supply of sediment. This provides an imprint of the diverse history of coastal evolution and its response to conditions through time. Yet, superimposed large-scale climate oscillations may add an additional order of complexity to coastal geomorphic systems by shifting average conditions. Globally, most active coastal systems, such as barriers, were formed around 7000 years ago after the rate of post-glacial sea-level rise decelerated. This sets the evolutionary basis of many coastal landforms during the Mid-to Late Holocene, a time period that had at least five significant climatic swings, associated with the onset of a cooling epoch identified in the North Atlantic deMenocal and Bond, 1997) .
The Little Ice Age (LIA) was the most recent and most documented of these events during which glaciers extended globally (Grove, 2001) and moderately cooler temperatures characterized the Northern Hemisphere from about 1400 to 1900 (Mann, 2002) . The impact of this event over the Northern Hemisphere temperatures (Mann et al., 2009 ), sea-ice extent (Grove, 2004) , glaciers and/or precipitation regimes (Nesje and Dahl, 2003) had major influence in the occurrence of major storms across the North Atlantic region (Dawson et al., 2007; Trouet et al., 2012) , with particular relevance to European coasts (Fagan, 2000; Lamb and Frydendahl, 1991; Lamb, 1984) . These storms have been repeatedly listed as being important drivers of dune development and active migration phases across Europe (Clarke and Rendell, 2009; Lamb and Frydendahl, 1991) . Aeolian activity also presents itself as a characteristic indicator of the LIA across European coasts, including the Scandinavian peninsula (Björck and Clemmensen, 2004; de Jong et al., 2007; Nielsen et al., 2016) , the German North Sea coast (Hofstede, 1991) , Denmark (Aagaard et al., 2007; Clemmensen et al., 2015; Szkornik et al., 2008) , Poland (Fedorowicz et al., 2012) , Netherlands (Pierik et al., 2018; Wallinga et al., 2013) , France (Clarke et al., 2002; Van Vliet-Lanoë et al., 2017) , the British Isles (Orford et al., 2000; Wintle et al., 1998) or Portugal (Clarke and Rendell, 2006; Costas et al., 2012 ). Yet, many examples are not explicit on the type of dunes (i.e. regressive or transgressive dune systems) they refer to, which is in turn key to understanding the actual changes at the coast. Regressive dunes evolve synchronously with shoreline evolution, forming foredunes of diverse dimensions depending on available beach sediment (Davidson-T Arnott et al., 2018; Psuty, 2004) . Conversely, transgressive dune fields are large-scale, mobile (including denser vegetated coastal dunes) that, when active, migrate transversely, obliquely or alongshore, depending on the regional wind regime (Hesp, 2013) .
Inland sand invasion during the LIA not only had a dramatic influence on the geomorphology of European coasts but also severely impacted coastal communities, burying coastal facilities and houses and overwhelming agricultural lands as documented by the numerous works on coastal archaeological sites in France (Van Vliet-Lanoë et al., 2016) or the British Isles (Bampton et al., 2017; Brown, 2015; Griffiths, 2015; Sommerville et al., 2001) . It is worth highlighting that most works do not explore the actual mechanisms behind the onset of aeolian activity during this time but vaguely refer to 'environmental factors' that would likely have contributed to their migration rather than their initiation. Indeed, only a few have attempted to explain the mechanisms driving the onset of transgressive LIA coastal dunes. Aagaard et al. (2007) framed the formation and inland migration of dunes in the context of sea-level rise, a stable or slightly positive sediment budget and increased storm-surge levels favouring a transfer of large sand bars to the upper beach following storms in Denmark. This mechanism has been identified by Hesp (2013) as one of the principal scenarios of transgressive dune field development; evolving directly from the backshore. Szkornik et al. (2008) , also, in a context of sea-level rise in Denmark, suggested that the main mechanism of transgressive dune formation was related to the reworking of Holocene dune ridges, highlighting the important role of the inherited morphology of emerged coastal barriers on the development of transgressive dunes. This represents the second scenario (i.e. development after foredune and/or dune field erosion) of dune development summarised by Hesp (2013) . Conversely, other authors have associated falling sea levels during the LIA with the increase of sediment supply to the dunes together with strong onshore winds to instigate the formation of transgressive dunes within the eastern UK coast (Orford et al., 2000) and Denmark (Clemmensen et al., 1996) .
Here, we explore the response of European coasts to the impact of changes in the environmental conditions associated with the LIA. In particular, we focus on understanding the mechanisms and drivers of aeolian activity that stimulated coastal dune rollover during this period, examining the formation and migration of transgressive dunes rather than the vertical aggradation of coastal (fore) dunes. Our objective is then to elaborate a holistic framework of coastal transgressive dunes across Europe to frame their formation within particular environmental contexts to put forward a conceptual model for the largescale inland migration of European coastal dunes during the LIA.
Framing the 'Little Ice Age'
The Little Ice Age (LIA) was the most recent of the millennial-scale Holocene cooling events (Bond et al., 1999) and was traceable globally although it appears to have had a larger and more pronounced impact across Europe (Mann et al., 2009 ). The LIA is somewhat of a misnomer as it was not, as such, an uninterrupted, globally synchronous, cold period (Matthews and Briffa, 2005; PAGES 2k Consortium, 2013; Wanner et al., 2015) , although all reconstructions show generally cold conditions between 1580 and 1880, punctuated in some regions by warmer decades during the eighteenth century (PAGES 2k Consortium, 2013) . Local temperature reconstructions demonstrate a notable increase in the duration and severity of the winter seasons (Luterbacher et al., 2004) accompanied by general colder temperatures from the start of the series (1500 CE) to the mid-nineteenth century (Leijonhufvud et al., 2010; Tarand and Nordli, 2001) . The lower temperatures curtailed agricultural production by shortening plant growing seasons (Galloway, 1986; Zhang et al., 2011) , which on occasions significantly affected society (Zhang et al., 2011) .
Documented spatial and temporal heterogeneity within the LIA has promoted an ongoing debate on the forcing parameters that may have triggered this climate shift (Alonso-Garcia et al., 2017) . The most commonly discussed mechanism refers to major changes in atmospheric dynamics driven by a combination of reduced solar irradiance and the occurrence of explosive volcanic eruptions (e.g. Bond et al., 2001; Miller et al., 2012; Moffa-Sánchez et al., 2014; PAGES 2k Consortium, 2013) . Alternatively, internal dynamics of the oceanic and atmospheric circulation patterns (e.g. Mann et al., 2009; Trouet et al., 2009) or freshwater discharges to the North Atlantic (e.g. Alonso-Garcia et al., 2017; Manabe and Stouffer, 1995) have also played a major role in climate change, driving climate oscillation initially and then subsequently impacting sea surface circulation and deep water convection.
Content analysis of major ions contained in the Greenland Ice Sheet Project 2 (GISP 2) ice core shows elevated concentrations of sodium during the LIA (Mayewski et al., 1993) , interpreted as being indicative of increased storminess in the region. This work proposes that the source for sea salt (sodium) during cooler periods was probably from ice-free (lower latitude) ocean, suggesting favoured meridional flow from lower latitudes to Greenland, which in turn was responsible for transferring energy poleward. Trouet et al. (2012) , in an attempt to reconcile the apparent increase in storminess in the North Atlantic and reconstructed negative values of the North Atlantic Oscillation (NAO) index that dominated the LIA (Trouet et al., 2009) , related the records of increased storminess during the LIA to more intense, rather than more frequent storms generated from the breakdown of blocking anticyclones. The NAO reconstruction by Trouet et al. (2009) , and in particular, the shift from persistent positive NAO during the medieval period to negative values of the NAO as precursor of the shift to the LIA, were contested by other works showing instead positive phases, but not persistent positive values, during the thirteenth and fourteenth centuries (Ortega et al., 2015) . The latter reconstruction documents variable values of the NAO during the LIA, despite three clear episodes dominated by negative values of the index (Ortega et al., 2015) . Independently of the reconstructions of the NAO index, various works coincide to support, in agreement with the atmospheric circulation pattern suggested by Mayewski et al. (1993) , the occurrence and likely dominance of atmospheric blocking events during LIA, highlighting their role on weakening the subpolar gyre (SPG) by changing the main route of westerlies (Moffa-Sánchez et al., 2014) , transporting icebergs and sea ice (Alonso-Garcia et al., 2017) , and sustaining its weaken regime after the shift (Moreno-Chamarro et al., 2017a) . On the other hand, 'relative' blocking atmospheric conditions were also suggested by Costas et al. (2016) to explain the occurrence of windy events associated to the impact of storms across western Europe coasts in a context of relative cooling (Arctic amplification) over northernmost Atlantic. This pattern slightly contrasts with the persistent, blocked atmospheric conditions proposed by Moreno-Chamarro et al. (2017b) , which implies the blocking of zonal circulation and thus might prevent the impact of westerlies across the western European coasts. In fact, considering present day reanalysis data, Trigo et al. (2004) concluded that during blocking episodes there is a lack of cyclones travelling over the northeastern Atlantic and Northern Europe. Most cyclones tend to move either along the western margin of the blocking pattern (between Greenland and the Arctic Sea) or through a southeasterly trajectory (between the Iberian Peninsula and the Caspian Sea). This pattern would explain the increase in storms in Greenland and the Iberian Peninsula, however, it remains unclear if this pattern could explain the suggested apparent simultaneous impact of storms across western European coasts during LIA (Costas et al., 2012; Costas et al., 2016) .
Impacts of LIA over the western coast of Europe
Studies conducted on the geomorphological impact of the LIA on coastal systems include a wide range of examples from northern Europe and to a lesser extent from the south western Atlantic and Mediterranean coastal areas. As mentioned, aeolian activity related to the active migration of transgressive dunes during the LIA is by far its main geomorphological manifestation across western European coasts.
In addition to the well-documented active migration of transgressive dunes, the impact of the LIA across European coasts can be traced largely in coastal lagoons, as a consequence of marine inundation (i.e. overwash) of coastal lowlands. Case examples exist in the French Mediterranean coast (Degeai et al., 2015; Dezileau et al., 2011; Sabatier et al., 2012) or the northwest of the Iberian Peninsula (González-Villanueva et al., 2015) ; in estuaries, in NW France (Sorrel et al., 2009) or SW Italy (Budillon et al., 2005) , in marshes as a consequence of the sedimentation of coarse-grained deposits (Poirier et al., 2017) or aeolian layers (Szkornik et al., 2008) . Coastal barriers through the impact of extreme surge levels Cunningham et al., 2011; Jelgersma et al., 1995) provide further evidence of LIA related inundation. Also noteworthy is the relative lull in coastal plain progradation across Europe (Reimann et al., 2011) .
Other works have focussed on detecting and analysing major changes in coastal areas by exploring the sedimentation patterns within coastal raised bogs (Björck and Clemmensen, 2004) . The latter are shown through changes in the content of wind-transported clastic material within peat bogs and have been used to document periods of winter storminess during the LIA in southern Scandinavia (Björck and Clemmensen, 2004; de Jong et al., 2007) , the Scottish Outer Hebrides (Orme et al., 2016) and Wales (Orme et al., 2015) . The advantage of these works relative to other types of reconstructions is the expected continuity of the sedimentary record and its relatively high preservation, which in turn allows us to identify shifts within climate events such as the LIA. Nevertheless, all of these reconstructions inherently rely on the quality of the applied age model. Björck and Clemmensen (2004) identified three episodes within LIA dated at 1820 CE, 1650, 1550, 1500 (130, 300, 400 and 450 cal. Years BP), during which higher clastic content was identified, suggesting a greater impact of winter storms and enhanced atmospheric circulation, which the authors attributed to an expansion of the polar vortex. de Jong et al. (2007) identified two main phases within the LIA; an early, wetter phase dominated by zonal flow-driven winds from ca. 1180-1570 CE (770 to 380 cal. yrs BP), and a later drier phase dominated by meridional flow and more frequent atmospheric blocking from ca. 1650-1900 CE (300 to 50 cal. years BP). According to the authors, the greater aeolian influx of clastic materials, and thus aeolian activity, occurred during the shifts of these episodes, suggesting enhanced atmospheric circulation associated with these transitions. The analysis of peat bogs in the UK documents a generalised increase on the amount of sand delivered to these sinks from adjacent sandy coasts over the last 500 yrs. (Orme et al., 2015; Orme et al., 2016) , despite a slight timing decoupling that could be explained by local differences (Orme et al., 2016) . Two peaks (i.e. about 1370-1480 CE and 1740-1830) were identified within the analysed cores, suggesting a possible occurrence of intra-event shifts of the wind intensity. Fig. 1 summarises documented storminess episodes from previous references. The work by Jackson et al., 2005 is also added to extend our discussion to Iceland as an additional source of information on aeolian activity and storminess on the fringes of Europe. The first implication that arises from Fig. 1 is that there is no clear temporal distribution of storminess within the LIA, nor a distinct spatial distribution of their occurrence. This suggests that the storminess signal during the LIA was both temporally and spatially variable despite a relative difference in time of occurrence between northern and southern sites. Northern sites appear to show a greater concentration of storminess before 1600 CE, reducing from 8 sites where signs of storminess are evident to an average of 3 sites. Alternatively, the few examples from southern Europe document enhanced storminess only after 1500 CE, however, the reduced number of sites inhibits the identification of any spatial groupiness pattern. Nevertheless, the period between 1400 CE and 1800 is a key storm period for Europe.
Impacts of the LIA on coastal dunes
Regarding the active formation and migration of transgressive coastal dunes during the LIA, it has been acknowledged as the last major mobilization phase of aeolian sand across western European coasts (Clarke and Rendell, 2009; Clemmensen and Murray, 2006; Costas et al., 2016) . Examples of active transgressive dunes moving inland, driven by enhanced storminess can be found in Sweden (Szkornik et al., 2008) , Denmark (Aagaard et al., 2007; Clemmensen et al., 2015; Clemmensen and Murray, 2006) , Great Britain (Bampton et al., 2017; Gilbertson et al., 1999; Sommerville et al., 2007; Sommerville et al., 2001) , Northern Ireland (Wilson and Braley, 1997; Wilson et al., 2004) , the Netherlands , SW France (Bertran et al., 2011; Clarke et al., 2002) , Northern France (Van Vliet-Lanoë et al., 2017), Northern Portugal (Clarke and Rendell, 2006; Costas et al., 2013) and centre of Portugal (Clarke and Rendell, 2006; Costas et al., 2012; Costas et al., 2016) . Fig. 2 compiles the age of these moving dunes during the LIA. Considered ages were preferably determined by OSL on transgressive dunes in order to be able to compare episodes of sand movement rather than non-movement intervals through analysis of interbedded soils. The temporal distribution of documented episodes of sand movement again indicates, a greater concentration of information within higher latitude countries, and an apparent continuous aeolian activity across the LIA. However, in the frequency of obtained ages, a pattern can be identified that suggests an increase in aeolian activity starting after 1400 CE with a maximum around 1600, and a new and greater increase after 1700 CE that then reverts after 1900 CE (see Fig. 3 ). The latter is in close agreement with the periods of more frequent and spatially coherent storminess episodes. Despite the limited number of ages within southern dunes, they suggest that aeolian activity was ubiquitous across western European coasts.
Despite the inconsistent temporal and spatial pattern in the results, it is worth noting a gradual decrease in the number of dunes assigned to the early LIA when compared with the number of ages that have been associated with a late phase of the LIA (Fig. 3) . This might be a result of bias in the sediment sampling, or a consequence of the recycling of the aeolian deposits as they could start moving earlier in time, but some units might only stop their advance during the latter years of the event.
Many examples in the literature exploring inland aeolian sand drift during the LIA, focus on the consequences of this active migration of coastal dunes over coastal human settlements. They describe the encroachment and eventual abandonment of a number of coastal villages across western European coasts. These events may have resulted from isolated extreme wind storms as in 1413 when one such event submerged the village of Forvie (NE Scotland), under 30 m of sand (Griffiths, 2015) . However, most cases resulted from the cumulative effect of windy or stormy periods, lasting from weeks to months (e.g. Kenfig; Brown (2015) ). These sand drift events led to the eventual abandonment of agricultural lands, churches and settlements (Cornwall, UK), harbours (e.g. Rattray in Scotland), farmlands and entire villages (Broo in Shetland Islands). Historical accounts are numerous in the western coast of Britain, although episodes in the eastern coast of Britain, France and Portugal can also be found in the literature (Fig. 4) . If this information is compared with the ages we have from OSL dating, the main signature that comes out is the fact that events recorded by these different sources happen out of phase with historical records pointing towards earlier ages (most frequent between 1300 CE and 1600), but coincident with enhanced storminess across northern Europe (Fig. 1) . The latter could be explained by two different reasons, the first has been already discussed earlier and is related to the possibility of earlier dunes being remobilized, resetting their clock. The second could be explained by the fact that once abandon, burial occurrences are no longer recorded, or to the additional human impact over some of the sites?
The explanation for the occurrence of such events is in general, rather vague with storms among the most frequently referred drivers for the active migration of transgressive dunes (e.g. Clarke and Rendell, 2009; Clemmensen and Murray, 2006; Costas et al., 2016) , combined with rising (e.g. Aagaard et al., 2007) or falling (e.g. Orford et al., 2000) sea levels to explain associated changes in sediment supply. Some works state that the movement of sand and consequently the burial of coastal settlements cannot be solely attributed to storms but to a combination of factors (Bampton et al., 2017; Brown, 2015; Griffiths, 2015) , among which the impact of human activities on the landscape is also included as a relevant factor. In particular, Orme et al. (2016) and (Bateman and Godby, 2004) suggest enhanced human landscape modification over dune vegetation may promote instability and therefore easier transference inland, within a frame of intensified winds. In many cases, during the climate deterioration associated with the onset of the LIA, human activity contributed to the loss of vegetation cover, exacerbating the movement of sand. Reports on practices such as removal of marram grass on dunes (e.g. village of Culbin; Griffiths (2015)), over-grazing and poor land management or the introduction of rabbits (Bampton et al., 2017) could all have had a contribution to accelerating sand encroachment.
Conceptual model for LIA-induced dune dynamics
Despite the large number of works examining the intensity of Fig. 1 . Summary of documented storminess episodes from previous works for Europe (Jackson et al. (2005) is also added to extend our discussion to Iceland as an additional source of information). Note there no clear temporal distribution of storminess within the LIA, nor a distinct spatial distribution of their occurrence. Fig. 2 . Spatial and temporal distribution of active transgressive dunes identified in the literature. The dots indicate the age of the samples found in the literature at each analysed site at Shetland Islands (Bampton et al., 2017) , Denmark (Aagaard et al., 2007; Clemmensen et al., 2015; Clemmensen and Murray, 2006) , North and West Scotland (Gilbertson et al., 1999; Sommerville et al., 2007) , Northern Ireland (Wilson and Braley, 1997; Wilson et al., 2004) , Northern France (Van Vliet-Lanoë et al., 2017), Southwestern France (Bertran et al., 2011; Clarke et al., 2002) , and Portugal (Clarke and Rendell, 2006; Costas et al., 2012) , including the error bars. The white boxed bar is based on literature suggesting that transgressive dunes were moving during that time interval. N.B.OSL dates do not indicate the duration of the aeolian pulse representingthe time elapsed since last exposure or active phase(s) (Jelgersma and van Regteren Altena, 1969) . Fig. 3 . Frequency distribution over time of OSL ages found within the literature (see Fig. 2 ). Bin size used was 50 yrs. as a compromise between data smoothing and still definition of major peaks.
aeolian activity on European coasts during the LIA, few investigate the causes that may have promoted this large-scale movement of sand inland. Most examples attributed this aeolian activity to:
• higher frequency or intensity of storms during the LIA, which in turn may have a significant influence on wind power, vegetation and sediment supply to the coast (Clarke et al., 2002; Clarke and Rendell, 2006; Clarke and Rendell, 2009; Costas et al., 2012 );.
• rising sea level and enhanced storminess, promoting the supply of sediment to the emerged shore (Aagaard et al., 2007) ;
• falling sea level and storminess, promoting the exposure of large areas of sand (Christiansen and Bowman, 1986; Clemmensen et al., • climate oscillations and human activities, destabilizing the vegetation cover Lamb and Frydendahl, 1991) .
The above list presents four simplified scenarios that may explain the onset and subsequent movement of transgressive dunes during the LIA as a consquence of storms, sea-level or climate oscillations, and/or human impact. Clarke and Rendell (2009) claimed a unique regional factor (i.e. storminess) to explain the onset and evolution of this event across European coasts based on the match between higher frequency storm occurrence and aeolian activity, however, it is still not clear if this can be explained by storms alone.
An increase on the frequency and intensity of the storms appears as a common element in all the scenarios, in combination, however, with other factors such as an increase on the wind regime and oscillations of sea level. Evidence of inland sand migration based on OSL ages used across a variety of transgressive dune systems in Europe (Fig. 2) and their coincidence with periods of increase storminess (Fig. 1) suggest a predominant role for coastal storms in the development of these systems. However, in those cases with heavily vegetated dunes, the effect of just storms would not be enough to invoke widespread destabilisation of vegetation cover and therefore an additional factor should be introduced to explain the shift from fixed to mobile systems. Here, we suggest the effect of lower temperatures and its corresponding decrease in the vegetation growth season (Jackson and Cooper, 2011) . The latter may also actually have impacted the growth and development of vegetation in dunes (Ammophila arenaria seedling germination and rhizome growth curtailed see: Chergui et al., 2018) , and thus, combined with destructive storms, could have triggered the widespread rollover of coastal dunes during this cold climate event with devastating consequences for coastal populations such as sand encroachment over villages and crops (Fig. 4) . Based on these, here, we propose a new conceptual model of LIA-induced transgressive dune behaviour, focussing on a general dune field behavioural approach where environmental drivers (mainly storminess and temperature oscillations) push the dunes into various stages involving a number of feed-back loops within the system (Fig. 5 ).
The conceptual model proposed goes through different stages from stable and vegetated dunes towards instability of the system and the development of a mobile transgressive dune system. However, since the LIA has been described in the literature as a discontinuous climatic swing (Mann, 2002) , stages proposed need to be understood in the context of continuous pauses and temporal reversals between stages but with a net direction onto stage V of system recovery towards the end of the LIA period.
Stage I
Stage I of the model (Fig. 5, stage I ) represents a scenario of relatively stable and likely heavily vegetated coastal dune systems previous to the LIA. Under this stage modal wave climate and wind regime are presumed with no significant oscillations in temperature. This stage also represents the scenario of system recovery after the LIA onset or intra LIA phases in which a stabilisation of dune field is reached (temporarily) due to a decrease in storminess and an increase in temperature for sustained periods, allowing temporary re-vegetation growth to occur.
Stage II
The onset of the LIA then sees a pattern of increased storminess developing along with lower ambient temperatures. Impacts then occur initially on the frontal (seaward) edges of dune fields, where storm wave erosion occurs more frequently than normal and salt spray generally increases salt content on and within the sand along the back beach areas (Stage II.A.) . Seedlings (particularly of Ammophila sp.) are intolerant of salt with lethal levels being at 1.5% (Benecke, 1930) . This will dramatically reduce the potential of post-storm recovery and lead to unstable and less vegetated foredune zones. Increased storminess will see strong, sand-laden winds carry sand from the beaches resulting in high burial rates of vegetation, likely at levels where regrowth cannot keep pace with sand deposition, effectively swamping and stunting binding vegetation. Parallel to these is a decrease in atmospheric air temperatures that reduce the annual growing season of vegetation, would promote less vigorous vegetative growth and therefore destabilised sediment within the eroded backbeach/foredune zones. In Stage II·B, formation of blowouts are driven by this instability and eventual fragmentation of foredunes occur, stripping vegetation and there is an increase in strong onshore storm winds.
Stage III
The weakened and fragmented by blowouts foredune and backbeach areas become so unstable that they develop into strong source areas of aeolian sand and rapidly inundate landward dunes, moving as mobile sand sheets. Other features such as blowouts and high parabolic dunes are likely to be more prevalent and thus help to intensify the destabilisation phase of the dunes, channelling sand inland. Rapid sand inundation will further promote over-burial of vegetation and the zone of de-stabilisation expands to quickly envelop the dune field into a transgressive and highly mobile system. Decreased temperatures will also support this instability, where vegetative growth is much more suppressed and fixing of wind-blown sand is therefore hugely reduced.
Stage IV
Dunes are now in a fully transgressive and sparsely vegetated state made up of various dune types representative of the distance inland, sediment supply and wind regime present. As the system moves towards this fully transgressive state, parabolic dunes assume lower width to length ratios, and effectively are stretched ('smeared') across the landscape as sand availability reduces with inland distance. If the destabilisation process is rapid, then it is likely that large (high) dunes undergo a 'rollover' where only the top sections of the dune system are destabilised and highly mobile, cascading over the top of the dune field. The lower levels might remain largely out of reach of the LIA-induced transgressive dune mobility. As a consequence, dune fields that were made up of lower elevation dune forms may have been completely rolled over during the LIA and effectively being 'peeled back' down to the water table at the seaward edges if new sediment supply was not available from the beach.
Stage V
Climate amelioration towards the end of LIA, or during intra-LIA stages, might induce increasing temperatures and less storminess, setting into motion a recovery of the dune system into a more stabilised stage. Vegetation growing seasons expand and calmer wind conditions promote vegetation growth and sand eventually becomes more locked into fixed dune forms. Mobile parabolic dunes and blowouts rapidly revegetate and largely fixed in position. Some front edge instability may still persist and will be some of the last zones to be revegetated in the dune system, sustained by higher parabolic dune forms (more difficult to vegetate) and through occasional wave erosion events.
Discussion & conclusions
The Little Ice Age is one of the most noted climatological events in recent history, appearing in many historical annals and playing a significant role in natural and anthropogenic dynamics, particularly in the northern hemisphere. Much has been written on its occurrence and environmental impacts. Sediments locked within dune systems and subsequently released through the onset of conditions associated with the LIA, have been noted in numerous studies but these have focused largely on localised case examples with little wider implications for dune dynamics and specifics of dune field behaviour.
The LIA in Europe resulted in largescale transgressive coastal dune behaviour and manifested in a relocation of huge volumes of sand from the coastal hinterland to inland accommodation space when available. This effectively helped to 'perch' vast quantities of dune sand into many land-locked elevations and locations, stranding significant parts of the littoral sediment budget away from marine processes. In those areas where sediment supply was finite this would have had an pivotal impact on coasts and greatly affected their level of resilience to storms, likely making them more vulnerable to erosion from frequent, high intensity storms. This would have led to yet further accelerated coastal erosion, loss of vegetated foredunes and destabilized frontal edges of dune systems at the time of the LIA, further accentuating transgressive dune behaviour.
The widespread mobilization of aeolian sand during the LIA, has been attributed to the impact of enhanced storminess occurring during this climate event (e.g. Clarke and Rendell, 2009; Costas et al., 2016; Van Vliet-Lanoë et al., 2017 ). Yet, aeolian activity has been also used as a proxy to derive episodes of enhanced storminess (e.g. Costas et al., 2016; Trouet et al., 2012) , assuming the later premise. The storminess record compiled here from different coastal records points towards a not so clear relation between storminess periods and aeolian activity. The first shows that the occurrence of storminess could be spatially different across the LIA with areas at higher latitudes recording the impact of enhanced storminess earlier in time relative to lower latitudes. Conversely, the distribution of aeolian activity from dated sediments across western Europe does not show a clear spatial distribution, but instead, a rather continuous process across the whole climate event despite some periods of reduced activity as suggested by the occurrence of temporal gaps in between obtained ages (although this may also be down to a simple lack of studies in certain regions). The latter could be also interpreted as a sign of the rapid response of coastal dunes to climate events. However, any further discussion will always be limited to the number of samples, and to the bias on the sampling, with more recently activated dunes being more frequently and/or easily dated. OSL dates are showing younger ages relative to historic accounts because they represent sediments that were last exposed to light and therefore they are the most recent phases of activity. Similarly, documented burial of villages appears to have concentrated around earlier ages at greater latitudes when compared with the OSL estimated ages of mobile dunes. The latter suggests a relative temporal disagreement between the OSL determined ages and the historical records. However, Fig. 5 . Conceptual model proposed for large scale coastal dune behaviour during the LIA. The conceptual model includes five stages of behaviour from an early stage of stable and vegetated dunes before LIA onset (stage I) towards a series of processes that could have increased the instability of the dune system, resulting in a highly un-vegetated mobile system (stage IV). Transition between stages is driven by a combination of storminess and other parameters that could induce pauses and temporal reversals between stages as it is indicated by the internal circle. Stages II A & B represent early phases of dune instability with front edge of coastal dunes supplying the initial pulse of aeolian activity with stage III progressing into stage IV fully transgressive. Stage IV then eventually recedes into stage V of system recovery and stability afterwards. this difference could be easily explained by the fact that some of the affected villages were finally abandoned after years of battling against sand encroachment.
The above highlights the limitations that can be raised when trying to establish the spatial and temporal distribution of storm events across western Europe, despite the importance of these features tracking the impact of this climate event. Additionally, the increase in aeolian activity, even with its significant impact on coastal communities, has not yet been fully assessed. Several works have attempted to explain the onset of such massive dune mobilization across Europe, relating it to the onset of storminess periods, relative changes in sea level, or even human activities. However, very few (Aagaard et al., 2007; Szkornik et al., 2008) have explicitly explained the actual process through which sand is made available for the wind to be blown by the resultant strong winds. In fact, to date, no model has been put forward to explain the temporal behaviour of coastal dune dynamics spanning the onset of the LIA and its subsequent evolution into a fully transgressive behaviour and back to its eventual restoration to 'normal' conditions again. Our model proposes a conceptual framework by which dune fields initially disintegrated into highly mobile dune fields at the beginning of the LIA and continued this instability for significant (century scale) periods over the LIA until a stage of climate amelioration allowed the system to re-stabilise. We propose a range of states for which the dunes moved through (Fig. 5 ) and associated dune types and features likely to have been developed in each phase.
When dune fields are effectively 'turned over' in this fashion, we may have seen the top sections of the dunes being reworked down as far as the water table and anything lower than that not reached by new aeolian action due to the binding effects of the water table itself. This created a two-tiered dune 'cake' within modern coastal dunes within Europe, the top sections effectively only 5-600 years old as per OSL dating, with sediments re-exposed to light during the LIA 'turnover' and lower sections dating to several thousand years BP which were not reached by the LIA epoch (see example stratigraphy at Costas et al. (2012) ). The newly turned over dunescape would have been re-sculpted during the LIA and modern dune surface topographies may now not resemble their pre-LIA dune field surfaces.
The onset of the LIA (Phase II A & B) cannot be attributed to only a single parameter (such as an increase in storminess) but may well have been forced by a myriad of events and associated changes in environmental variables. Obvious candidates for triggering instability of the dunes are higher frequency and higher magnitude storm events and eroding and destabilizing coastal foredunes. The higher levels of salt spray and associated substrate content within that zone would also have reduced (or eliminated) the pioneer plant species from germinating, depleted vegetation growth and created a more sparse foredune system. This would have led to more active aeolian transport and left the dunes less vegetated, creating less resilient frontal dunes to wave attack. In combination with this, a general decline in ambient temperature associated with the LIA onset would have lessened the growing season (i.e. is the part of the year during which local weather conditions, rainfall and temperature, permit normal plant growth) of dune plant species. A reduced growing season would have resulted in less vegetation cover and therefore potentially more mobile dune forms. Once dunes are much less vegetated, the role of wind intensity would be much more significant and strong winds associated with more frequent and intensified storm levels would induce catastrophic failures in the dune field integrity shifting them into a transgressive and highly mobile dune state (Phase IV).
Stage V of the model, where dune recovery takes hold is also likely to have had distinct latitudinal variability, depending on the 'retreat rate' of LIA's reach. Although there is no clear evidence of it, the LIA probably retreated gradually, receding with a northward retreat path, as suggested by the OSL compiled ages, which show that northern sites stopped moving relatively later on.
Enhancement of dune mobility during LIA by human activities (uprooting, introduction of rabbits, overgrazing of dune due to decrease of vegetation in grazing areas), although not explicitly within our proposed model, has to be a considered factor in any proposed conceptualization of the response of the dunes to the LIA as it could have contributed to a declining vegetation cover. In turn, and in order to combat inland sand invasion, coastal communities also initiated a series of actions for stabilizing the dunes by the end of the XVIII century across Europe (e.g. Brown, 2015; Clemmensen and Murray, 2006; Danielsen et al., 2012; De Keyzer and Bateman, 2018; Tastet and Pontee, 1998) . However, and probably, due to the persistence of favorable conditions for dune migration, these actions only successfully fixed the dunes within the first half of the 20th century, probably once LIA finished or it was towards its end, and in addition, the management practices were more efficient including larger hectares of afforestation. The latter were likely coincident with the last phases of stage IV/V of the model proposed here. Regarding dune response, it is likely that dunes during stage IV were entering into a less dynamic phase, though the speed of this stage may have been much more rapid than the shift from Stage I. Jackson and Cooper (2011) for example, have shown rapid decadal revegetation patterns across Irish dunes, demonstrating that dune systems can quickly switch to more fixed states if conditions such as increasing growing seasons are rapidly altering to higher extremes. Tsoar (2005) also showed that dunes are much more difficult to destabilise once they are fixed compared to stabilisation of mobile systems. The latter also implies that clockwise shifts within the conceptual model might happen more easily than anticlockwise shifts, in particular during the first stages.
The formation of transgressive dunes, characteristic of this time interval, can be confused with the growth of different types of coastal dunes, namely foredunes, if they are not explicitly referred to and only the mention of enhanced aeolian activity is included. This fact is very relevant as the formation or growth mechanisms behind both systems are radically different, thus it is important to discriminate between regressive (foredunes) and transgressive coastal dunes. Regressive dunes evolve in pace with shoreline evolution and they are represented by foredunes of diverse dimensions depending on the beach sediment budget (Davidson-Arnott et al., 2018; Psuty, 2004) . Conversely, transgressive sheets and dune fields are large-scale, mobile, partially, and fully vegetated coastal dune fields that, when active, migrate transversely, obliquely or alongshore depending on the regional wind regime (Hesp, 2013) . Hesp (2013) , in his review on the evolution of coastal transgressive dune fields, developed conceptual models that synthesize the main scenarios of dune development and subsequent evolutionary paths. Some of which, have been also described within previous works exploring the onset of transgressive dunes during the LIA in Europe.
It is likely that latitudinal variation may have existed in the relative importance of fundamental drivers in the model. For higher latitude dune fields, one driver may have been temperature changes, which can affect the growth rate of vegetation species' holding the dune fields in place. An accentuated decrease in temperature in more northerly latitudes was reconstructed by Mann et al. (2009) , who found that cooling during LIA was strongest in the north, and weaker at southerly latitudes. Similarly, Moreno-Chamarro et al. (2017b) showed an amplification of winter cooling over central and northern continental Europe. For lower latitudes (e.g. Spain and Portugal) however, windiness may have been a more important determinant of dune field activity, where the temperature swings would have been less severe. Sparse vegetation (and species variation) in southern dunes may have made them less resilient and thus may have had a more rapid response to increases in wind speeds. Likewise, when dunes in a more northerly dune setting entered into the advanced transgressive stage III phase, winds may have reverted to be the more dominant factor in maintaining dune mobility.
Overall, we can view the LIA as a major widespread climate event significantly altering the coastal dune landscape of Europe and after the initial emplacement of sediment from the retreating ice sheets of the last ice age represents the most important environmental event to have affected European coastal dunes.
